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ABSTRACT

A mathematical model of the LiAl/LiCl, KC1/FeS high temperature
battery is presented. The model considers a whole prismatic cell which
congists of negative electrode, separvator, electrolyte reservoir, and
positive electrode. Physical phenomena described are ohmic potential drop
and diffusion potential in the electrolyte, changes in porosity and electro-
lyte composition due to electrochemical reactions, local reaction rates,
and diffusion, convection, and migration of electrolyte. 1In addition, the
analysis includes finite matrix conductivities, variable physical properties,
and the possibility of specific simultaneous reactions.in the positive
electrode. The theoretical results show many of the trends in behavior
observed exzperimentally. The effects of state of charge, initial electro-
lyte composition, cell temperature, and current density are presented, and
factors that can limit cell performance are identified.
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Introduction

The LiAL/LiC1, KCl/FeSX high temperature battery is a candidate for
off~peak electrical energy storage and for electric vehicle propulsion.

A mathematical model is needed to predict the operational characteristics
of the system and to assess the influence of changes in design parameters
on the cell performance.

Many models have been proposed to describe the behavior of flooded
porous electrodes, and current and reaction distributions in a direction

R ; , R §
perpendicular to the separator have been considered in great detail,
The electrode can be regarded as a homogeneous mixture of matrix and

, 2 . , :
electrolyte” or as a single pore, provided that proper averages arve
taken over a cross-section.”’

The macrohomogenecus model has been applied to several specific
battery electrodes., An analysis of the constant currvent discharge behavior
of electrodes with sparingly soluble reactants, such as the Ag-AgCl and
deCd(OH)z couples, has elucidated the relative importance of different

. . 3 . W e
failure modes in these systems. Transient and failure analyses have
\ , , P . , 5 N 6,
also been made of the zinc electrode” and the lead dioxide electrode.
An assessment of steady-state composition profiles in lithium/sulfur

battery analogues has been made, but the results are restricted to

non-porous systems,



Far less effort has been directed towards modeling complete cells

and, up until now, only the lead acid cell has been considered in

L. 9=-12 . , . .
detadil, In this paper, a one-dimensional model is presented for the
LiAL/FeS system, which 1s currently being developed at the Argonne

. - 1 b . . . . 4 s s
National Laboratory. 3 A whole prismatic cell is considered, consisting
of negative electrode, separator, electrolyte reservoir, and pesitive

electrode (see Fig. 1). The model can be used to identify system limi-

tations and to help guide experimental research.

Model Development
The analysis is based on the macroscopic theory of porous electro~-
deg in which the solutlon and matrix phases are treated as superposed
continua without regard for the actual geometric details of the pores,
With this approach, one can obtain a consistent framework for the
description of isothermal transport processes in the molten salt electro-
lyteqla

A material balance for species 1 1is given by

3(9%) )
T T Ay Vs | W

where ﬁi is the flux of species 1 in the pore solution averaged over
the cross-sectional area of the electrode and where ajj represents
the transfer rate of species 1 from the solid phases to the pore

solution per unit electrode volume. In addition, the superficial current

density in the pore solution is due to the movement of the charged species:
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Fig. 1. Schematic diagram of LiAl/FeS cell.



and, as a consequence of the condition of electrical neutrality, the

divergence of the total current density is zero:

For j simultaneous reactions of the form

Faraday's law can be expressed as

de
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provided that double layer charging can be ignored. The last term on

the right side of Egq. (5) represents the removal of species 1

electrolyte as a result of precipitation of salt k . The transfer

current per unit electrode volume Vsiy

average transfer current densities by

v"Ez = ? (ain}j .

A material balance on the solid phases indicates how the electrode

is velated to the individual

(2)

(3

(4)

(5)

from the

(6)

porosity changes with the extent of reaction at each location within the

electrode:
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The flux of mobile species in the electrolyte can be attributed
to the combined effects of diffusion, migration, and convention. For
the LiCl-~KC1l electrolyte, the fluxes of lithium and potassium ions are

4
given byz1
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These relationships can be substituted into Eq. (1) to give,

respectively,
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For the special case where ti = XA/Z and ti = XB/Z, the direct
dependence of Eq. (10) and (11) on current density is removed. The
molar average velocity has been chosen as the reference frame because
physical data for LiCl-KC1l mixtures are often correlated with the mole
fraction (see Appendix).

The movement of electrons in the matrix phase 1s governed by Ohm's

law

i, = -0V, , (13)

where ¢ i1s the effective conductivity of the matrix. In the electro-
lyte, the variation in solution potential is given by

i s 8,X

-2 1 1 cy 1 37A (14)
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where @2 is measured with a reference electrode that has stoichiometric
coefficients Si and number mn of electrons transferred, and UA is the
chemical potential of LiCl (see Appendix). Equations (13) and (14) may
be combined to obtain variations in the overpotential n = ®l - @2
directly.

Polarization equations are needed to express the dependence of the
local rate of each reaction on the various concentrations and on the
potential difference driving force at the reaction interface. Electrode
kinetics do not follow fundamental laws that can be expressed as reliably
as Ohm's law or the law of conservation of matter. Consequently, the

®

polarization relationships will be subject to further refinement, as one



tries to account not only for the mechanism of the charge transfer process
but also for the morphology of the electrode, the formation of covering
layers, and the transport of species to and from the reaction site.

Tt is common to begin with a polarization equation of the form

o Fn ./RT -0, Fn ‘,/RT\E
aj 'sj e e €1 8] j (15)
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where nsj is the local value of the surface overpotential, nsj =

n - U, , and where the exchange current density can be written as
9
c Y Y
R S M oa (16)
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The theoretical open circuit cell potential for reaction j is given by

U, I} - ? - Uie + nRTF
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The disthayge reaction in the negative electrode is

LAl > 1iT AL + e . 1

In the fully charged state, it is assumed that the negative matrix consists
of non-porous, spherical particles of B-LiAl. On discharge, the outer-—
most region of a particle reacts first and a layer of o~Al is established
which thickens gradually, at the expense of f~LiAl, as the reaction
proceeds. The Butler-Volmer equation (15) should be modified to include

the diffusional overpotential for mass transport of lithium across the



o~phase to the solid-electrolyte interface.

The parameter

_3.87(1-e)1
§ = S (18)
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can be used as a criterion to assess the importance of solid state
diffusion within a LiAl particle,16 Small values of S dndicate that
the ?ime required for diffusion is much shorter than the time needed for
complete utilization of the particle. FEven though § v 0(0.1) for this
system, the influence of solid state diffusion may be appreciable at
high current densities or with low specific interfacial areas, particu-
larly towards the end of discharge. However, for 8§ < 1 , it is reason-
able to invoke the pseudo-steady state approximation to evaluate the
composition profile within the o-phase. With this assumption, and with
unit activity coefficients, the surface concentration of lithium can be

] 1
written as:

o
{ P
Ceri)s Veldy
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The diffusion-limited transfer current is given by
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where r, and rB can be related to the state of charge,17 Combination

of Eq. (6), (15), (19), and (20) gives
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where 1 1is measured with a reference electrode of the same kind as

the working electrode, but with a fixed lithium activity corresponding

to saturated B-phase (see Table 1). TImplicit in Eq. (21) are the

assumptions that there is no more reaction after the B-LiAl is completely

transformed to a-Al and that there are no variations in electrolyte

composition between the center of a pore and the adjacent solid surface.
The complicated discharge processes in the positive electrode are

represented by two simultaneous reactions:

2FeS + 2LiT + 2¢7 > Li, FeS, + Fe TTA

Li,FeS, + it 4 2e7 » 2L1,5 + Fe 1IB

Equation (15) is used to describe the rate of each reaction, and the
reference electrode is takgn to be the same kind as reaction IIB (see
Table 1). More sophisticated models for the positive electrode kinetics
could include additional intermediate reactions, diffusion of reactants

and products to and from reaction sites, and crystallization overpotentials

for the formation of solid products. However, the detailed mechanism



Table 1.

Kinetic parameters used in model

Negative Electrode

Posgitive Electrode

Parameter Value Value Parameteyr
o = 0.5 1.0 o, =

a c aj ¢
n 1.0 2.0 nj

| -1, -2,

sl 1.0 0 Slgj
53 0.0 0.0 839J
(XA)ref 0.58 1.0 (XA)ref
Y . 0.5 1.0 Y o

i Li

2 :
i (A/em?) 2.8 2.0x10° (ai ). (A/emd)
6] O ]
2 30 =10

Da<cm /s) 4, 0x10 0.0326 UHAS’O(V)
— 0’) ]
XLi 0.05 0.0 UIIB,O(V>

R



of the reactions and the juxtaposition of the different phases have not
yet been formally established and are the subject of a separate studyolg
At the high operating temperatures of the lithium/iron sulfide system,
and with the relatively high concentration of lithium ions in the
electrolyte, the rate of reaction is expected to be high and, therefore,
the simplified kinetic analysis may be adequate.

The governing differential equations for the lithium-aluminum/iron

gsulfide system are subject to the following boundary conditions (see

Fig. 1):
(i) at the current collectors:
(a) E.l = 0,
(b) g =0, (22>
(i) at the negative electrode/separator interface:
(a) 1, =1,
*
(b) Xy 5V continuous , (23)
ox
(c) = 4eD “g"*é .
Y e
(iid) at the positive electrode/reservoir interface;
(@) 1, = 1,
(b) EN continuous , (24)
(C) E],_R_ EXAR =z eD ?jé — eD _zi_}fé‘_
A dt Ay o "~ Jy 5 ’
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where VR/A can be estimated from

o (Vp/8) s x VR dinV

P, - i

—@ A dx

A

The electrolyte composition is assumed to be uniform

reservoir. It should also be noted

used for the boundary conditions at the front of the electrodes.

BXA

- . ‘ (25)

ot

across the

that alternative formulations can be

These

choose control volumes for the material balances that avoid the need for

separate evaluation of the composition gradients at the interfaces.

the separator, the governing equations can be

with:
a) i, =1,
b) Vei, =0,
c) € = ss .
The dnitial conditions are taken as:
. )
(i) X=X
. . . .0
(id) €, = €, »
(111) V-(Vg) = V,aj  + Voaj, -oc4&
A7 1n R 20 Bt ~

where Eq.

During discharge the temperature is assumed

(27(iii)) is derived from Eq. (10) and

In
gsimplified in accordance
(26)
(27)
VAT | Gy ED gy
aT ot o XA ?

\Y
(11).

to be uniform through-

out the cell sandwich but it can change with time in response to

reversible heat effects, Joule heating, overpotentials associated with

electrode reactions, and precipitation or disscolution of electrolyte.
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The first law of thermodynamics gives

~ L
e 3U 1, Sro9e
P 4T _ o Lyl 917 o - _k __pk
Sr = U V-1 Sl = b (T-T) o+ T s dy (28)
k Vk s

where the heat transfer coefficient ho is based on estimated heat
losses for a battery module,

The LiA1l/LiCl, KC1/FeS system can be described by the local
variables Xy 5 € 22 , 8 » and n , and by the governing Egs. (7),
(10), (11, (14), and (15), subject to the specified boundary conditions.
These relationships constitute a set of coupled, ordinary, nonlinear
differential equations at each time step which are cast into finite
difference form accurate to O(hz) , and solved simultaneously by a
numerical techniquegl9 Each nonlinear equation is linearized properly
to assure convergence, and each time-dependent equation is ﬁrogrammed

symmetrically between the old time step and the present one, in order

to attain stability.

Results and Discussion

Electrolyte Composition

Figure 2 shows composition profiles across the cell sandwich for
several times during a constant current discharge of 41.6 mA/cmZ, A
lithium-rich electrolyte is used, and the dimensions and capacities
of the fully charged electrodes correspond to those of the Argonne

National Laboratory, Mark 1A cellal3 When the discharge dis started,
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lithium ions are introduced into the electrolyte at the negative electrode
and transported across the porous separator to the pogitivé electrode,
where they can react cathodically to form Fe and LiZFeSZ or LiZS° Since
the transference number of Li+ is not unity, a concentration profile
develops, and diffusion aids migration in the transport of lithium ions.
An almost constant compesition gradient is established across the separator
that corresponds to the flux of lithium ions needed for the specified
current density. The presence of the reservoilr attenuates composition
changes at the front of the positive but, within the electrode, the
composition variations are accentuated by local porosity changes.

The details of the composition variations can be attributed to
the combined effects of diffusion, migration, convection, and electro-
chemical reaction. The contribution of convention, which arises
primarily from the influx or squeezing out of electrolyte as the porosity
alters, isiexpected to be small for this system (y%‘% O(lOwS)cm/s) .
However, convection is dncluded in the analysis to ensure that the
accuracy of the electrolyte material balances is retained.

The importance of 3% was tested by repeating the simulation in
Fig. 2, with the temperature dependence of the electrolvte molar volume
included in a manner that caused oscillation in X% , without adversely
affecting the material balances. The results differed by less than
0.2%, except in the region with KCl precipitation, where the largest
error in Ep was 5%. The sensitivity of precipitation to‘temperature
and composition indicates that a significant proportion of this error

should be associated with changes in V , rather than y% .



Tf the cell temperature remains constant, the model predicts that
the electrolyte composition in the negative electrode would cross the
solubility limit for LiCl (indicated by the dashed line) after 1.5 hours.
However, the average temperature rises by approximately 15°C during this
period, and therefore precipitation of LiCl is avoided. ©Nevertheless,
at about 54% depth of discharge, the composition has fallen markedly in
the positive electrode and precipitation of KC1l is predicted. This is
illustrated in Fig. 3, which sho&s the variations in maximum and minimum
electrolyte concentrations during the discharge, in comparison with the
saturation compositions. The prediction of large variations in electro-
lyte composition during discharge emphasizes the need for inclusion of
variable physical properties in the theoretical analysis.

The fraction of active material utilized within’the negative
electrode 1s shown in Fig. 4, at several discharge times. The large
electrode surface area and the high operating temperature help to create
fast reaction kinetics., As a result, a highly nonuniform reaction dis-
tributien, dominated by ohmic effects, is obtained. Initially, the sharp
reaction front is restricted to the electrode/separator interface
because an infinite matrix conductivity has been assumed for the simu-
lation.z’zo This reaction zone gradually moves through the electrode
as active material is consumed and the potential required for the
reaction becomes more positive. At the back of the electrode, the
transfer current rises gradually in response to the composition-—
dependent. term in the Ohm's law relationship for the electrolyte. This

effect 1s more pronounced at high current densities and, as a result,
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¥ig. 3. Comparison of variations in saturation limits for LiCl

and KC1 and maximum and minimum electrolyte concentrations.

Parameters as in Fig. 2.
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Fig. 4. Fraction of active material utilized in negative
electrode at different discharge times. Parameters
as in Fig. 2.
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the reaction front at a given state of charge is less sharp at higher
discharge rates.

The complementary reaction distributions for the positive electrode
are presented in Fig. 5. Reaction IIA starts first, and after two hours
it has proceeded about two-thirds of the way through the electrode.

The FeS is fully converted to LizFeSZ behind this reaction front, which

is itself relatively narrow. Subsequently, a front for reaction 1IB
begins to move through the electrode, and its influence on the composition
can be seen in Fig. 2 at 2.5 hours.

The distance that the first reaction penetrates the electrode before
onset of the second front is dependent on the operating conditions.

Table 2 indicates that the distance between the fronts is smaller, and
hence the reactions are less distinct, with higher current densities
or with lower initial electrolyte compositions.

The microstructure in the positive shortly after the second reaction
has begun is shown in Fig. 6. In this example, the initial composition
is that of the eutectic, 58 mole percent LiCl, and precipitation of
KCl occurs at a relatively low depth of discharge. Precipitation is
responsible for the extremely small value of the porosity € at a dis-
tance of about 0.075 cm which effectively blocks off the back portion of
the electrode. 1In this isolated region, self-discharge reactions can
take place as a result of composition variations in the electrolyte
and potential gradients in the matrix. The diagram shows that, in the
depth of the electrode, reaction IIA has occurred to some extent,

producing a certain volume fraction €y of LizFeS2 and slightly
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Table 2. Characteristics of reaction fronts in positive electrode.

XZ 0.58 0.667
1(A/en’) 0.0416 0.1 0.0416 0.1
L /L 0.40 0.18 0.63 0.30
gap +

lOOtEZ/tf 22,7 12.2 33.6 17.7
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decreasing the porosity from its initial value of 0.5. Behind the
central reaction front, there is a plateau for the values of EX 5

£ , and €re that corresponds to completion of reaction IIA., At
distances less than 0.0l cm from the reservoir, the consequence of
reaction IIB can be seen: LizFeS2 is consumed, LiZS is produced, and
the porosity drops to a small value,

As the first reaction front moves back through the positive elec~-
trode, the precipitated region does so also, and it remains as a sharp
spike located in the region of highest transfer current. The pro-
gression of the second reaction is accelerated by the isolation of the
back of the electrode and the region of precipitation can spread rapidly
to affect a larger part of the electrode. The local reductions in
porosity that vesult from the large molar volume of the LiZS and the
precipitation of KCl lead to a reduction in local electrolyte con-
ductivity in accordance with Eq. (32). Consequently, a significant
potential drop can develop across the low porosity region, and this may
severely limit utilization of the electrode. The plugging of porous
electrodes has been cited as a possible cause of failure in other

electrodes,5’21

In the zinc electrode, for example, a large volume
fraction of Zn0 can be produced at the front face early in a discharge,

particularly 1if the reaction distribution is highly nonuniform.

Initial Electrolyte Composition

An dimportant consideration in the development of the LiAl/LiC1,

KC1/FeS battery is the choice of initial electrolyte composition, XZ .

The dependence of composition changes on xz is illustrated in Fig. 7,
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at two different depths of discharge. The difference between the
maximum and minimum electrolyte compositions is larger for smaller XZ 5
and this effect becomes magnified as the discharge proceeds. The
composition changes have a divect influence on the extent of pre-
cipitation and oun the Nernst relationship for the cell potential.

With pure LiCl, there is no concentration polarization, but the
minimum operating temperature would be 609°C. For molten salt mixtures
with Li+ as a common ion, the composition changes in the Li/FeS cell
are expected to be small. The transport theory developed in reference 14
can be applied divectly to binary electrolytes such as LiCl-LiF. Tt
also applies to more complicated mixtures, such as LiCl-LiF-LiBr,
provided that it is reasonable to assume that, from a mass transport
standpoint, the anions can be lumped together to give only a single
independent composition variable,

If the anions do mot participate in the electrode reactions, the

production term in the material balance equation is given by

e et

C 1 L, B

o S 21 7172

Ry = Vaig, BA A (29)
2°3 13

For electrolytes with unit stoichiometric coefficients, and for
transference numbers that are divectly proportional to concentration,

Eq. (29) reduces ko R, = 0 and, therefore, the electrolyte composition

A

is constant. In practice, R is still expected to be small even with

A

transference numbers not exactly proportional to concentration, and
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successful cell operation may be possible at temperatures much closer

to the melting point than are permissible with the LiCl-KCl electrolyte.

Discharge curves

An important capability of the model is to predict the dependence
of total cell voltage on state of charge. Discharge curves for the
Argomne Mark 1A cells are presented in Fig. 8 for several different
operating conditions. The upper curves are for a current density of
41.6 mA/cmZ, and the highest of these is for a lithium-rich electrolyte,
which has a larger bulk electrolyte conductivity than the eutectic
mixture. Two curves are shown for the eutectic, which is the composi-
tion actually used in the Mark 1A cell design. Curve A takes account
of precipitation of either compeonent of the electrolyte, whereas
curve B does not. TFor all three curves, the sharp reduction in cell
voltage can be attributed to the localized porosity reductions in the
fully reacted region of the positive electrode. Precipitation reduces
the porosity still further, and the decline in voltage is correspondingly
more acute. In practice, the porosity changes may not be quite so
dramatic because it is possible for the electrodes to swell. Expansion
may cccur by compaction of the separator and displacement of the can
walls during the formation cycles of the cell, or by motion of the
electrodes relative to one another during a particular charge or
discharge. The extent to which swelling can take place will depend
on the stresses generated within the cell and the physical restraints

on the container.
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Theoretical discharge curves for Argonne National
Laboratory Mark 1A cells.

except as indicated.

Parameters as in Fig. 2,
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At the high curvrent density, the initial cell wvoltage is con-
gsiderably reduced as a result of the finite grid resistance (see
Appendix)., Also, the cell voltage declines more rapidly since there
is less time available for diffusional processes to take place, and
because the reaction distribution in the positive electrode is less
uniform {(see Table 2).

The triangles in Figure 8 indicate the onset of precipitation of
KC1. They show that, at lower I or higher XZ , precipitation is
delayed. The exact time when precipitation begins is largely dependent
on the details of the heat balance used to estimate the average cell
temperature, Eg. (28). Small changes in the rate of heat loss from the
battery module, or slight differences in initial cell temperature, could
have a significant impact on the extent of precipitation and, possibly,
on the cell performance. In the examples shown, precipitation of LiCl
is not predicted, even though the maximum composition is close to the
solubility limit (see Fig. 3).

Careful consideration of precipitation is needed for several
additional reasons. The rate of mass transport from the electrolyte
in the bulk of the pores to the matrix surface may influence the rate
at which precipitation takes place. This has been included in previous
studies of electrodes with sparingly soluble reactant8922&24 but the
effects may not be go important in molten salt systems because the
salt concentrations are generally much higher. The morphology of the
precipitate may be important, particularly if it forms as a passivating

layer over the active material. Furthermore, local thermal effects
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may influence the extent and nature of precipitation; heat generated
as precipitate forms will tend to retard the precipitation process.

In Fig. 9, an experimental discharge curve is compared with
theoretical predictions obtained at a similar current density. The
experiment was done with a bicell (2 negative electrodes with a central
positive plate) that was built with electrodes designed for the Mark 1A
battery program,25 The computer simulation is based on the electrode
capacities specified in Fig. 8, but it is assumed that the positive and
negative electrodes have expanded 12.5%7 and 23%, respectively. It is
also assumed that the heat transfer coefficient ho is twice as large
as the value assumed for the Mark 1A battery model. The ambient
temperature used in the model remains at 25°C, whereas it may be closer
to 450°C in the experiments.

Theoretical curves A and B 1in Fig. 9 indicate the influence of
initial cell temperature on the predicted system behavior. The cell
temperatures rise by 18°C and 26°C during the discharge, for low and
high TO , respectively. Even with high operating temperatures and
swollen electrodes, the maximum predicted utilization is still con-
siderably below the experimental observations. Two possible reasons
for this discrepancy are:

a) Larger local porosities in the positive electrode at a given

stage of charge due to:
(i additional expansion,
(ii) solid phase intermediates with relatively low molar

volumes that are not included in the present model,
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(iid) more uniform distribution of reactions,
b) Reduction in amount of KCl precipitation due to:
(i) Smaller composition variations as a result of larger

porosities or free convection,

(id) high local temperatures,
(idii) mass transport limitations,
(iv) modification of the equilibrium solubility limit

by the presence of sparingly soluble species in the
electrolyte or due to supefsaturation°
Curve C in Fig. 9 represents the same simulation ag curve B
except that precipitation of electrolyte is not taken into account.
The relatively good agreement with the experimental data, although
possibly fortuitous, gives some support to the reduced precipitation
concept and provides an incentive for a more detailed examination of
the possible causes enumerated above. 1In particular, a force balance on
the electrolyte in a direction parallel to the separator, together with
Darcy's law, indicates that free convection is even less important than
forced convection in vertical TLiAl/FeS cells.,
In addition, at the end of the simulation depicted by curve C in

) = 0,437 . 1If local tempera-

Fig. 9, (xA)min = (.220 , whereas (xA sat

ture effects dominated, the temperature in the positive electrode

would need to be 155 K above the average cell temperature: temperature
differentials of this magnitude are not expected to be observéd in these
cells because the electrodes are thin and the materials have relatively

high thermal conductivities. Furthermore, large degrees of supersaturation
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would not be expected in the heterogeneous electrode medium. A separate
study may be needed to monitor cell temperature and to investigate local
variations in electrolyte composition, under closely controlled
experimental conditions.

One can also speculate on the reasons for the differences between
experiment and theory shown in Fig. 9, at low utilizations. The experi-
mental curve rises more sharply than the model predictions at depths of
discharge below approximately 25%. This can be attributed, at least in

part, to the presence of about 157 Cu,S in the positive electrode.

2
Copper sulfide was added to the Mark 1A electrodes to minimize the forma-
tion of an intermediate sulfide, LiK6Fe2482661 {(J-phase), which can
adversely affect cell performance¢26 There is now evidence to suggest

that J-phase can also be suppressed by the use of lithium-rich electrolytes
and increased operating temperatures°27 Elimination of Cu,S from the

2
positive would be advantageous because gross movement of CuZS to the
. ; 28
separator, with subsequent cell shorting, can take place.

Small quantities of lithium are sometimes added to the negative to
augment the electrode capacity. As with CuZSs addition of lithium tends
to vaise the total cell voltage. However, the lithium activity is
increased, and this may cause operational difficulties, such as dis-
placement of potassium from the electrolyte, reaction with the separator
material, dendrite formation, shift of charge range in cycling, or failure
to achieve full charge.

The small discrepancy between experiment and theory at approxi-

mately 307% utilization could result, amongst other reasons, from
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uncertainty in the estimation of the current collector and terminal
resistance {(see Appendix). The finite conductance of the grid will also
lead to nonuniform current and potential distributions across the face
of an electrode, which are not included explicitly in the one-dimensional
cell model. A separate study has been made of ohmic drop in current
collectors in order to help provide a rational basis for scale-up of
cellsa29

An analysis of local variations in potential across the cell
sandwich can provide additional iunsight into the behavior of the
individual electrodes. Figure 10 shows potentials at different positions
across the cell described in Fig. 9, relative to a saturated B-LiAl/LiCl,
KC1 reference electrode placed at the front face of the negative. The
separator potential @S is almost unchanged throughout the discharge,
in keeping with the constancy of the composition profile across the
separator (see Fig. 2). The open circuit potential difference <®s)1=0 .
that would be measured by a reference electrode at the front face of the
positive electrode, indicates the influence of concentration polarization,
which is characterized by the composition dependent term in Ohm's law,
Egq. (14). The curves marked ®+9CC and @mscc represent the potentials
of the positive and negative current collectors, respectively, The
difference between these potentials and their open circult counterparts
can be regarded as the resistances of the individual electrodes. In
the negative electrode, there is assumed to be no potential difference

in the matrix phase, and, in the positive electrode, the matrix

potential difference is too small to be discernable in Fig. 10 because
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the effective matrix conductivity calculated with Eq. (40)

1

is large (0 v 0(104)Qﬁ1cmm ), throughout the discharge.

The components of the potential for the experimental cell depicted
in Fig. 9 are presented in Fig. 11,25 Both experimental and theoretical
results indicate that changes in total cell voltage are largely dependent
on the variations in apparent open circuit cell potential U , and that
changes in electrode resistances are relatively small. The experimental
results show that the positive is polarized more strongly than the
negative electrode, but that the negative electrode poteniial rises more
sharply towards the end of discharge. This could be interpreted as a
negative electrode 'limitation’, although this term has not been carefully
defined. In this context, it is not possible to distinguish between
limitations caused by inherent electrochemical factors or by changes in
the useable capacity of an electrode over a number of cycles. It might
be expected that, with a sufficient increase in excess capacity in the
negative electrode, the positive would limit cell performance on both
charge and discharge.

Tor both electrodes, the model predicts resistances that are
smalletr than the observed values. This could be caused by over-
estimation of electrochemically active interfacial areas, exchange
current densities, or matrix conductivities. Contact resistance or
partial loss of electrical connectivity between electrode particles
can lead to conductivities below those calculated from Eq. (40), which
ig based on the councept of parallel conduction paths. Separate

experiments may be needed to establish the conductiviity of each electrode
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matrix as a function of stage of charge. Contact resistances are not
expepted to be significant in the positive electrode during discharge
because the large volume of solid products tends to increase the internal
electrode pressure. Furthermore, the presence of LiZS at the front of
the positive electrode may not influence cell behavior markedly, since
all the current will be carried in the electrolyte across the fully
reacted region. However, the formation of a poorly conducting layer
adjacent to the current collector could have a more profound effect on
the predicted potential distribution.

Despite the underestimates for the electrode resistances, the model
still gives voltages that lie below the experimental resuits in Fig. 9.
This is directly associated with the estimated value of the current
collector resistance Rg , which is only included in the model to
improve the accuracy of the heat balance. The estimate of Rg could
be refined with more precise experimental data for the polarization
conductance Y of a cell element. This parameter (Y) could be
obtained directly in a small, open test cell with current collectors
large enough to ensure insignificant current and potential variations
across the face of a plate and with voltage taps placed in direct contact
with the current collectors.

Additional experiments may also be needed to elucidate the reasons
for the observed rise in potential of the negative electrode towards
the end of discharge (see Fig. 11). The theoretical calculations
indicate that the increase in porosity as the discharge proceeds more

than compensates for the additional distance the current must penetrate
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the electrode, and that the current collector potential approaches
a constant (see Fig. 10). The discrepancy between theory and experiment
may result from:

(a) reduction in negative electrode porosity caused by expansion

of the positive,
(b) gross morphology changes in the negative electrode,
(¢) reduction in the available electrode capacity and uncertainty
in the state of charge caused by
(1) segregation of active material from the bulk
(i1) cumulative coulombic losses,

{(d) nponuniform initial distribution of reactants.

Agglomeration would reduce the electrochemically active interfacial
area and increase the diffusion overpotential for transport of lithium
atoms across the o-Al . A computer simulation with the initial particle
size rg increased by a factor of 4.5 shows an increased electrode
resistance at a particular depth of discharge but, contrary to observa-

tions, the open circuit potential (& ,cc) does not alter appreciably.

1=0
The influence of the initial vardiation in state of charge across the
negative electrode could be investigated by comparing potential dis-
tributions obtained during two experiments; one where a considerable
time interval was introduced between the discharge of interest and the
previous charge, and the other where the discharge followed the charge
immediately, but the overall initial state of charge matched the first

experiment.

It should also be noted that a considerable quantity of lithium



~40—

can be retained in the oa-Al after the fB-phase has been completely
utilized. For the example B in Fig. 9, the characteristics of
particles at the front of the electrode when the cutoff voltage is
reached are: rB = On474XlOa3 cm, ¥ = 15,115><10.==3 cm, and
(C%i)o/(cii)sat = (0,78 . This indicates that the reaction is not
limited by diffusion of lithium across the a-Al and that a minimum
of approximately 7.87% of the total theoretiical capacity could be stored
in the a-Al1 when no B-LiAl vremains. Consequently, the available
capacity in the negative electrode may be significantly lower than the

theoretical estimate, and this could contribute to the apparent limitation

observed in this electrode.

Polarization Characteristics

In many applications it is important to know the effect of dis-
charge rate and depth of discharge on the useable capacity of the cell.
Figure 12 shows polarization curves that represent a voltage sweep of
a cell that has been discharged at a specified constant current density
for a given period of time. It should be emphasized that this is not
simply a cross-plot of é number of constant current discharges. Before
discharge begins, there 1s a single current-potential curve, but the
polarization characteristics will change during the discharge in a
manner that depends on the total applied current. In general, polari-
zation is greater at larger depths of discharge, and for higher current
densities at a given depth of discharge.

An important feature of the curves in Fig. 12 is that they are
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substantially straight, and there is little error in approximating them

by the equation

I=Y@U-0, +0), (30)

where Y is the polarization conductance, given by the reciprocal of
the slope of the lines, and U 1s the apparent open circuit cell
potential, given by the ordinate intercept. In this way, the polariza-
tion characteristics of the LiAl/FeS cell can be summarized by the
dependence of U and Y on the operating conditions.

Figure 13 shows the dependence of electrochemical resistance on
state of charge for several different current densities. Each curve
shows that, in an overall sense, the resistance increases as more active
material is consumed. However, for I = 0.1 A/cm2 , there is an almost
discontinuous reduction in 1/Y at a time that corresponds to the onset

+ -
of reaction IIB (X + 2Li + 2e = 2Li.S + Fe) at the front of the

2
positive electrode. At lower current densities the drop in resistance is
neither as marked nor as abrupt, and it occurs later in the discharge (sece
Table 2). At each current density, the resistance rises again as porosity
variations in the positive electrode lower the effective electrolyte con-
ductivity., 1In practice, there is much less distinction between the inter~
mediate reaction steps in the positive electrode. Consequently, it is not
expected that the sharp changes in resistance predicted with the model,

will be observed experimentally., It should also be emphasized that the

model does not include the posgibility for reaction of additives such as

Cu,S or CoS

9 s OF for additional intermediates, such as J-phase in the

conversion of FeS to LiZS and TFe.

The dependence of the apparent open current cell potential on state
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of charge and discharge current density is presented in Fig. 14 and

Fig. 15, for theory and experiment, respectively. 1In both cases, the
value of U drops markedly during the discharge. The experimental
results lie above the model predictions as a consequence of the presence

of additives, such as Cu,S, which raise the equilibrium open circuit

2
cell potential. TFor less than about 30% utilization, the experimental
curves show no systematic dependence on current density. At greater
depths of discharge, U changes more markedly at higher I , as pre-
dicted in Fig. 14,

The reduction in U during the discharge can be associated with
concentration polarization caused by nonuniform utilization of active
material. In the negative, lithium is preferentially removed from the
front of the electrode first, as illustrated in Fig. 4, and a maximum
in electrolyte composition can develop part of the way through the
electrode. At open circuit, the region with highest electrolyte
composition becomes cathodic with respect to the rest of the electrode,
and local concentration cells are set up which act in a manner that
tends to reduce the composition variations. These variations can be
more substantial at higher discharge rates, for a given state of
change, and, consequently, the open circuit resistance can be higher
in the negative electrode, leading to smaller values for U .,

In the positive electrode, the situation is complicated by the

possibility of simultaneous reactions. Before reaction IIB begins,

(¢ )

boee) =0 is controlled by local concentration cells that result from
, =

electrolyte composition variations, in much the same way as described
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for the negative electrode. When reactions LIA and TIB both occur, a
corrosion potential can be established on open circuit, which corresponds
to cathodic formation of Li FeS? in the back of the electrode, and anodic

formation of Li.FeS towards the front. These reactions would be

2 27

observed on current intervuption, even in the absence of a composition
gradient in the electrolyte. As the second reaction (IIB) progresses,
the mixed corrvosion potential shifts towards the equilibrium potential
UIIBgo

The positive electrode behavior 1s the major factor that leads to
the predicted reduction in U . At higher current densities, reaction
ITB beging earlier in the discharge and therefore U declines more
rapidly. = The less marked dependence of U on current density observed
experimentally is further evidence to suggest that there is less

distinction between the positive electrode rveactions in practice.

Conclusions

A mathematical médel has been developed that can describe the time-
dependent and position-dependent behavicor of a complete LIA1/LiCI,
KC1/¥eS cell. Composition and reaction distributions can be predicted,
as well as variations in volume fractionsg of individual phases and
electyvic potential within the electrodes., The results of the theoretical
analysis show many of the general trends in discharge behavior that are
observed experimentally. The model predicts that high internal

regsistance can develop in the positive electrode as a result of low

local porosities which are, in turn, caused by large volume reaction
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products or precipitated KCl. This implies that, wi;h the electrode
capacities currently being considered for electric vehicle applications,
swelling may be a prerequisite for successful operation and thermal
management of battery modules may also be important. Furthermore, an
investigation of the potential distribution across the cell sandwich
indicates that, before porosity reductions become critical, variations
in total cell voltage are controlled more by changes in apparent open
circuit cell potential than by changes in resistance across the

individual electrodes.
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APPENDIX
Physical Properties of the LiAl/LiCl1,KC1/FeS System

Electrolyte conductivity

The dependence of bulk electrolyte conductivity on composition and

temperature is described by

- 2 -E/T
K, = (axA + be + c)e 5 (31)
. , . 31,32

where: a = 18.9803; b = ~-5.0170; ¢ = 9,0903; E = 1425.76 K. The
effective conductivity in the porous medium is estimated from

K =€ KOO/C2 5 (32)
where the tortuosity factor { is divectly related to porosity by

g =cm0/2 (33)

and the constant ¢q is taken as 1.5,

Transference number

Measurements of transference numbers in binary nitrate melts show
. , c ) . 44 34
that deviations from the relation ti = x, are often relatively small.
. e s 35 , . R
Experiments in LiCl1-KCl melts also tend to substantiate the use of this
assumption which, for the molar average velocity reference frame, gives:

*
feer / @ ” sl £
ty XA,Zs £, (1 XA>/2 .

Activity coefficient

If dissociation of electrolyte is disregarded936 the gradient of

chemical potential of LiCl in the LiCl-KCl mixture can be written as



Table 3. Physical parameters used in analysis
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Parameter Value

U (V) 1.34

o

ou_/oT (V/K) ~1.55x107"
Cp (k3/kg.K) 1.03

2 -2

ho (W/m™-K) 4.,13x10
TA () 298.15

i 3[
VLiCl (cm™/mol) 20.50

. 3 N
VKCI (em™ /mol) 37.58

~ 3

vFeS (cm™ /mol) 18.55

v (cmg/mol) 7.11

Fe

¥ (em>/mol) 46.23

o @ ten™) 8.23x10"
Fe

42 -1 -1 3

GFeS (2 “em ) 1.90x10
oy @ ten™ 5.00x10%
o) (g/cmg) 2.70

o

Pg (g/cm3) 1.75
vo/a (cm) 0.03




-53—

defined by Eq. (30). The resistance Rb of a bicell can be separated

into electrochemical and current collector contributions, according to:

N S
Ry = 5% <Y+Rg>ﬂ (41)

In the calculations, it is assumed that Rb = 4w, Y = 1.013 lecmngzg

and A = 316 cmz . This yields Rg = 1.55 Q cm2
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Nomenclature
. . - R -1
a interfacial area per unit electrode volume (cm )

relative activity of species k

k
A crogs—sectional area of electrode (cmz)
g concentration of species 1 (mol/cm3)
ép specific heat (J/g-K)
D diffusion coefficient (cmz/s)
¥ Faraday's constant (96487 C/equiv)
g variable defined by Eq. (12)
h mesh size (cm)
ho heat transfer coefficient (W/mZaK)
io exchange current density (A/cmz)
il - superficial current density in matrix phase (A/cmg)
~12 superficial current density in pore phase (A/cmz)
inj total current density due to feaction 3 (A/cmz)
I superficial current density to an electrode (A/cmz)
h = Vagz , transfer current per unit electrode volume (A/cmB)
jin pore wall flux of species i (mol/cmzas)
L electrode thickness (cm)
Lk latent heat of fusion of salt k
LT width of cell sandwich (cm)
m mass of cell (kg)
Mi symbol for the chemical formula of species 1
M, molecular weight of species i (g/mol)
n number of electrons transferred in electrode reaction j



“h

£2

[ws

number of LiAl particles per unit electrode volume (cm=3)
superficial flux of species 1 (mol/cmzes)

radius of B-LiAl in LiAl pellet (cm)

radius of LiAl pellet {(cm)

universal gas constant (8.3143 J/mol-K)

parameter defined by Eq. (29)

grid resistance (0 cmz)

stoichiometric coefficient of species 1 1in electrode
reaction j

parameter defined by Eq. (18)
time (s)
final time (s)

time between start of discharge and onset of reaction IIB
in positive electrode (s)

transference number of species 1 with respect to reference

frame, v

absolute temperature (K)

temperature of surroundings (X)

initdial temperature

apparent open circuit cell potential (V)

theoretical open~circuit potential for reaction J at the
composition prevailing locally at the electrode surface,
relative to a reference electrode of a given kind (V)
standard electrode potential for reaction F (V)

open circuit cell potential (V)

velocity of common don in molten salt mixture {cm/s)
molar average velocity (cm/s)

; 3
molar volume (cm™/mol)
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3?‘ partial molar volume of salt k (cmB/mol)
VR reservoir volume (cmB)
W reservoir width (cm)
Xk mole fraction of salt k
. . -1 -2
Y polarization conductance (§ cm )
2, valence or charge number of species i

Greek Letters

o transfer coefficient in anodic direction

o transfer coefficient in cathodic direction

Y mean molal activity coefficient

Yi exponent in Eq. (16)

Yk activity coefficient of salt k

€ porosity or void volume fraction

€, volume fraction of species 1

Ep total volume fraction of precipitate

gpk volume fraction of precipitate of salt k

z tortuosity defined by Eq. (33)

n @lmibz

K effective solution conductivity (mho/cm)

My chemical potential of salt k (J/mol)

v? number of ions of species i produced by dissociation of a
mole of salt k

o) density (g/cm3)

o effective matrix conductivity (mho/em)



@1 electric potential in the matrix (V)
@2 electric potential in the solution (V)
Subscripts

A salt A, e.g. lithium chloride

B salt B, e.g. potassium chloride

ce current collector

e electrode

| reaction j

k salt A or B

1im limiting value

o at the electrode surface

ref reference electrode

5 separator

gat saturation value

o, o-AL

B B-LiAl

+ positive electrode

- negative electrode

oo bulk solution property
Superscripts

A salt A, e.g. LiCl

B salt B, e.g. KC1

&) initial value
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